Background: Prompt and effective malaria diagnosis not only alleviates individual suffering, but also decreases malaria transmission at the community level. The commonly used diagnostic methods, microscopy and rapid diagnostic tests, are usually insensitive at very low-density parasitaemia. Molecular techniques, on the other hand, allow the detection of low-level, sub-microscopic parasitaemia. This study aimed to explore the presence of sub-microscopic Plasmodium falciparum infections using polymerase chain reaction (PCR). The PCR-based parasite prevalence was compared against microscopy and rapid diagnostic test (RDT).
Background
Individuals in malaria-endemic areas can carry microscopically detectable levels of P. falciparum asymptomatically and also carry sub-microscopic asymptomatic infections below the microscopic detection threshold that can only be detected using molecular techniques. Routinely used laboratory methods appropriate for large-scale use, such as microscopy and rapid diagnostic tests (RDTs), are not sensitive enough to detect low-grade, asymptomatic infections [1] . One of the greatest disadvantages of the microscopic diagnosis is the possibility of misdiagnosis of Plasmodium species, particularly for low parasitaemia [2] . Usually test sensitivity suffers when parasite densities within individual infections are low [3] . Since microscopy and RDT have limitations, low-density infections are likely missed during screening of endemic populations [4] . Polymerase chain reaction (PCR) is more sensitive than microscopy and RDT, and has been widely used for diagnosis, confirmation of diagnosis, epidemiological studies and drug efficacy assessment [5] .
The contribution of the sub-microscopic reservoir to sustaining malaria transmission depends on malaria endemicity and slide positivity rate of a given area. Studies have shown that sub-microscopic carriers are presumed to be the source of over 20% of mosquito infections in areas where slide prevalence is less than 4% [6] while others suggested the contribution to be over 20% where slide prevalence is up to 24% and can be as high as 50% of mosquito infections in very low-transmission areas (slide prevalence <0.5%) [7] . Sub-microscopic infections are more important contributors to transmission in areas with low or very low transmission intensity (under~0.5%) than to sustain transmission in areas of high transmission intensity. According to Okell and her colleagues [7] meta-analysis, sub-microscopic infections are important in sustaining transmission in areas where slide prevalence is low (<10 -20%). More importantly, sub-microscopic carriers will become increasingly important as current control programmes continue to successfully reduce transmission intensity. Okell and her colleagues [7] have developed a simple model to estimate the prevalence of sub-microscopic carriage when PCR or slide prevalence is known (i.e. PCR prevalenceslide prevalence).
Prompt and effective malaria diagnosis not only alleviates suffering, but also decreases malaria transmission at the community level. Although microscopy remains the gold standard for malaria diagnosis, the detection threshold in Giemsa-stained thick blood film has been estimated to be 4 -20 parasites/μl [8] . Nonetheless, false positive results can be associated with poor blood film preparation that generates artifacts, including bacteria, fungi, stain precipitation, and dirt and cell debris all of which may be mistaken for malaria parasites [9] . On the other hand, the chance of false negative results increases with decreasing parasite densities. Improving diagnostic accuracy in malaria control systems can be both technically and financially challenging [10] . On the other hand, the sensitivity of RDT varies with Plasmodium species and parasitaemia [11] . As malaria transmission declines and countries progress towards malaria elimination the need to detect sub-microscopic infections is becoming increasingly important, since low-density infections among symptomatic and asymptomatic persons is likely to increase, which may limit the utility of RDTs [12] .
In Ethiopia, microscopy and RDT are commonly used for malaria diagnosis although the diagnostic performances of these tests haven't been evaluated against PCR. A PCR-based study conducted in low-transmission settings has demonstrated that a high proportion of cases with low-density parasitaemia were not detected by microscopy or RDT [5, 13] . Studies from several malariaendemic countries indicate that the proportion of lowdensity (<200 parasites/μl) infections in symptomatic persons is higher in low-transmission than in hightransmission areas, and also higher in Plasmodium vivax than in P. falciparum infections [9] . This suggests that a larger proportion of symptomatic cases may be missed in low-transmission settings noticeable in Ethiopia. Malaria control programmes will also need to actively monitor the sensitivity of RDTs and microscopy in detecting low-density parasitaemia in symptomatic patients presenting to health facilities and in populationbased surveys, to capture asymptomatic infections with a more sensitive diagnostic method [12] . The objective of this study was, therefore, to determine the prevalence of sub-microscopic malaria carriage in blood samples collected from clinical patients and sub-clinical subjects.
Methods

Study site and sample collection
This study was conducted in West Arsi Zone, Shalla district, which is approximately 251 km from the capital, Addis Ababa, Ethiopia (Figure 1 ). The capital of the district, Aje town, is located at 0382146.3 E, 071734.2 N and 1,852 m above sea level. West Arsi zone has ten districts of which Shalla district has the highest number of malaria cases. Plasmodium falciparum and P. vivax are the two common causes of malaria. A cross-sectional study was conducted in 12 randomly selected kebeles (the smallest administrative unit) to determine the prevalence of asymptomatic malaria carriages from November through December 2012. The kebeles have known population size and systematically registered households. After obtaining informed consent from parents/guardians, members of the randomly selected households who met the inclusion criteria (resident of the kebele for at least 1 year, age greater or equal to two years, with no known acute &/or chronic illness, no history of fever in the last 72 hours, an axillary temperature <37.5°C, with no history of anti-malarial drug treatment within the last two weeks, absence of any malaria-related symptoms and willing to participate in the study) were requested to give fingerprick blood samples. Blood films were also collected from febrile patients attending three health centres to determine the prevalence of symptomatic malaria. Fingerprick blood was spotted on Whatman 3MM filter papers, air dried and individually kept in zip-lock plastic bag with desiccant for PCR. A total of 1,453 blood samples (1,094 blood samples from sub-clinical subjects and 359 blood samples from clinical patients) were collected. Four hundred samples were randomly selected from RDT-and microscopy-negative samples and tested by PCR to determine the prevalence of sub-microscopic P. falciparum infection. All RDT-and microscopy-positive samples from both clinical patients and sub-clinical subjects were tested by PCR to determine the diagnostic performances of the two tests ( Figure 2 ).
Blood film examination and determination of parasitaemia
Two independent, experienced microscopists, who were blinded to the patients' clinical status and to the results of the RDTs, examined all coded smears for parasites. Identification of malaria species was done using the thin
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Map of Oromia (study area) blood smear. A negative result was recorded after thorough examination of 25 fields (~200 leucocytes) without any parasite. For quantification of malaria parasites in the thick film, a total of 200 WBC were examined while simultaneously counting the number of asexual forms of malaria parasites. Plasmodial density was recorded as the number of parasites/200 WBC. This was done using a standard mean white blood cell count of 8,000 leukocytes μl -1 [14] . Densities were calculated and converted into the number of parasites μl -1 of blood. RDTs were used in the survey to offer instant treatment to individuals with a positive test according to the national malaria diagnosis and treatment guideline.
Rapid diagnostic tests (RDTs)
SD BIOLINE Malaria Ag P.f/P.v POCT test kits (Standard Diagnostic, Inc, Germany, LOT No: 145021) were used as per the manufacturer's instructions. Finger-prick blood was used for the rapid assay. The kit is a one step, rapid, qualitative test intended for the detection of malaria infection in human blood samples indicating differential diagnosis between P. f HRP-II (P. falciparum specific histidine-rich protein-II) and pLDH (Plasmodium lactate dehydrogenase) specific to P. vivax. A blood sample was considered positive for falciparum malaria if two colour bands (P. falciparum test line and control line) appeared within the result window. On the other hand, the sample was considered positive for vivax malaria if two colour bands (P. vivax test line and control line) appeared within the result window. If three colour bands (P. falciparum test line, P. vivax test line and control line) appeared within the result window, it was considered mixed infection (P. falciparum and P. vivax). The presence of only one colour band (control line) was considered negative but if the control band failed to appear within the result window, it was considered invalid.
DNA extraction and polymerase chain reaction (PCR)
Parasites DNA was extracted from the blood spotted on Whatman 3MM filter paper samples. A 3-mm 2 square piece of blood-impregnated filter paper (~15 μl) was excised using a puncher and transferred in to a 1.5 μl tube and stored at −20°C until use. The extraction was done using the Chelex with heat extraction method [15] . Primary and nested PCR assays were performed in a 20 μl volume reaction mixture with 2 μl dream Taq buffer, 100 μM dNTPs, 0.05 μM μl each primers and 1.25 μM dream Taq enzyme. Two microliters (2 μl) of the sample DNA were used for outer amplification. For nested amplification, 2 μl of the outer PCR products was used as a template DNA. The extracted DNA was amplified by nested PCR (LifePro thermal cycler Bioer). A negative and two positive controls (D2 and 3D7) were consistently used for the quality control. DNA extraction was done at Uppsala University, Uppsala, Sweden. The thermocycling conditions for the outer PCR were: initial activation at 94°C for 3 min, followed by 44 cycles of 94°C for 30 seconds, 56°C for 30 seconds, 60°C for 1 min and finally 60°C for 3 min. For the nested PCR: 95°C for 5 min, followed by 30 cycles of 92°C for 30 sec, 48°C for 30 seconds, and 65°C for 30 seconds and finally 65°C for 3 min. Five microliters (5 μl) of the nested products were analysed using 1.5% agarose gels. The PCR products were then visualized by ethidium bromide staining under UV light.
Ethics consideration
This protocol was approved by the Institutional Review Boards (IRBs) of Aklilu Lemma Institute of Pathobiology, Addis Ababa University and of the Armauer Hansen Research Institute as well as the National Research Ethics Review Committee (NRERC). Information about the objective of the study was given to the head of the household or study subjects. Verbal informed consent was sought from each eligible subject and parents of children < six years of age for blood films. Additional verbal informed assent was sought from children aged six to18 years. Illiterate people signed with their fingerprint. The privacy of participants was preserved by allocating codes/numbers to participants in the blood survey instead of names. Study subjects who tested positive for malaria by RDT were treated according to the national malaria treatment guideline in the field.
Statistical analysis
PCR-based prevalence of sub-microscopic P. falciparum carriage was analysed across age groups to determine age-related correlation. Statistical analysis was performed using Stata version 11. The association between haemoglobin level and sub-microscopic carriages were determined. The sensitivity and specificity of RDT and microscopy was determined taking PCR as the 'reference'. The X 2 test was used to compare the Plasmodium carriage among different age groups. Logistic regression was made to determine the association of parasite prevalence by PCR and the different independent variables. A test was considered statistically significant if the p-value was < 0.05 (Table 1) .
Results
Prevalence of sub-microscopic carriage as determined by polymerase chain reaction
After excluding 154 samples that were positive by microscopy and/or RDT, 400 negative samples from a total of 1, 299 were randomly selected and tested by PCR. The prevalence of sub-microscopic P. falciparum carriages (carriers were defined as those individuals with infections detected by PCR but not by microscopy or RDT) was 19.2% (77/400). Although sub-microscopic infections was higher in males (22.5%) than females (16.6%), there was no statistically significant difference (X 2 = 2.20; P > 0.05) in sub-microscopic infections between sexes. The mean haemoglobin value observed in 172 study subjects was 16.5 g/dl (95% CI = 15.9-17.3). Anaemia (<12 g/dl) was observed in 21 (12.2%) of the study subjects ( Table 2 ). There was no statistically significant association between sub-microscopic P. falciparum carriages and haemoglobin level (X 2 = 0.47, P > 0. 05). Among five individuals with body temperature ≥ 37.5°C, 20.0% (one of five) had P. falciparum infections while 19.2% (76/395) individuals with body temperature < 37.5°C had infections.
Polymerase chain reaction-based prevalence of Plasmodium falciparum infection
The prevalence of P. falciparum infection was 3.7% (95% CI, 2.7-4.7) (54/1,453) and 6.9% (95% CI, 5.5-8.1) (100/ 1,453) as diagnosed by microscopy and RDT, respectively ( Anaemia haemoglobin (Hb) was defined as normal (>12 g/dl), mild (10-11.9 g/dl), moderate (7-9.9 g/dl) and severe (<7 g/dl) anaemia.
infection) positive by both microscopy and PCR ( Table 3 ). The prevalence of false positive was 9.3 and 20.0% for microscopy and RDT, respectively. PCR had statistically significant association with RDT (X 2 = 53.7, P = 0.00) and microscopy (X 2 = 48.1, P = 0.00) in positive samples. Microscopy and RDT detected on average, 38.9% (49/126) and 60.0% (80/157) of all PCRdetected P. falciparum infections, respectively.
Rapid diagnostic test-and microscopy-based prevalence of microscopic and sub-microscopic Plasmodium falciparum by age group
There was statistical significant association between age groups and RDT (X 2 = 63; P < 0.000) and microscopy (X 2 = 46; P = 0.000) positivity rate of microscopic P. falciparum infections, but there was no significant association between age and sub-microscopic carriages (p > 0.05). Microscopic P. falciparum prevalence ranged from as low as 1.9% (>35 years) to as high as 7.0% (two of five years) as determined by microscopy while it ranged from 1.9% (>35 years) to 12.6% (two of five years) using RDT. The prevalence of sub-microscopic P. falciparum infection ranged from as low as 10.2% (two of five years) to as high as 22 .7% (26-35 years) ( Table 4 ). PCR showed an unequivocal superior diagnostic performance compared to both RDT and microscopy. In this study, the proportion of positive test results for microscopic P. falciparum subjects in age two to five years increased from 7.0 to 12.6% as diagnosed by microscopy and RDT, respectively (Table 4) . RDT was invariably more sensitive than blood film in detecting P. falciparum infections across all age groups.
Risk factors associated with sub-microscopic carriages
Surprisingly, the use of bed nets was not found protective against sub-microscopic carriage in both univariate analysis (OR = 0.39; p = 0.002) and multivariate analysis (OR = 0.40; p = 0.003). In this study, the overall selfreported bed net use was 62.3% (38.2% in men and 57.4% in women). Although sub-microscopic parasite carriages were high in older age groups, the difference was not statistically significant in both univariate and multivariate analysis. Sub-microscopic carriage was not significantly different between sexes (OR = 0.69; p = 0.145) in univariate logistic regression. Asymptomatic carriages were lowest among subjects with body temperature < 37.5°C although statistically not significant. Although sub-microscopic parasite carriage was higher among anaemic subjects than those with normal haemoglobin level, the difference was not statistically significant ( Table 5 ).
Discussion
The PCR analyses done here helped to establish two relationships, i.e. the rate of false positives and false negatives given by microscopy and RDT, respectively. Both have implications for malaria control measures. Starting with the false positive rate and its implications, in the present study, anti-malarial drugs were prescribed for 9.3 and 20.0% microscopy-and RDT-based parasitenegative patients, respectively, as witnessed by PCR. This percentage of parasite-negative patients receiving antimalarial drugs was comparable to countries such as Tanzania [16] , Uganda [17] and Zanzibar [18] that have high malaria transmission settings. The percentage of false positive patients (parasite-negative patients) receiving anti-malarials in the study under report was much lower than patients from low-moderate malaria transmission areas in Tanzania (63.0%) [19] . In this study, in five microscopy-positive samples (three P. falciparum and two mixed infections) all of which were determined as P. falciparum, PCR failed to detect them. They were considered false microscopy positives since PCR was considered the reference. Of the RDT positives, PCR failed to detect 20 samples, all of which were determined as P. falciparum, by RDT and hence called false RDT positives. Among many other factors, the utility of a RDT-based negative result depends on the sensitivity of the test [20] , setting [21] , brand [22] , storage conditions (>30°C), and low levels of parasitaemia [4, 23] . For false negatives, the discussion spins around 19.2% prevalence of sub-microscopic P. falciparum. The results of this study indicate that considerable numbers of P. falciparum infections were missed by both RDT and microscopy, suggesting the need for a more sensitive assay for the detection of sub-microscopic parasitaemia. There was no difference in sub-microscopic carriages in febrile and non-febrile patients (OR = 0.83; P = 0.872). The identification of sub-microscopic P. falciparum infection in fever patients may not help to reliably confirm malaria as the cause of the fever and excludes the possibility of other diseases [23] . The presence of sub-microscopic asymptomatic P. falciparum infections may represent a significant challenge to malaria control programmes since such parasitaemic individuals may serve as a reservoir of infection and contribute to mosquito infection [24] [25] [26] . Moreover, a mass screening and treatment campaign may include such individuals, but their parasitaemia would remain invisible to the classical light microscopy or RDT and this necessitates the use of molecular screening techniques. Studies have indicated that microscopy misses on average half of all P. falciparum infections in endemic areas compared to PCR [27] . The agreement between RDT and microscopy was 89.4% (42/47) and 71.4% (five of seven) in detecting P. falciparum and mixed infections, respectively. Both RDT and microscopy underestimated the true parasite prevalence in the study area. In this study, microscopy and RDT detected 38.9 and 60% of the infection identified by PCR. The limitations of commercially available RDT kits are well documented [27, 28] . The false positivity in RDT may arise due to circulating PfHRP2 antigen from recent infections [5, 29] . Because RDTs that detect HRP-2 antigen cannot distinguish between active infections and resolved infections. RDTs based on detection of the HRP-2 antigen often remain positive for over five weeks after the disappearance of live parasites, because they detect the HRP-2 antigen which is still present in debris from dead parasites for some time after total parasite clearance [30] . In this study, false positivity rate of RDT was 2.1% higher than microscopy. The false positive rate of RDT in this study was fairly in agreement with previous evaluations of RDTs in population-based household surveys among healthy persons in Ethiopia [8] , 1.5%, but much lower than reported in Zambia [31] , 7.9%, when compared with microscopy. Such false positive readings in malaria diagnostic tests will overestimate the true parasite prevalence compared with expert microscopy. In spite of the apparent low sensitivity of RDT compared to PCR in this study, whether any deletion of HRP2-antigen exists among P. falciparum in Ethiopia requires further research.
The identification of large numbers of sub-microscopic parasitaemia in this study was supported by meta-analysis that demonstrates high proportion of sub-microscopic infection of P. falciparum in areas of low transmission [26] , indicating that those with little previous exposure are able to control parasite densities. The presence of high proportion of sub-microscopic infections could indicate a recent decrease in transmission in Ethiopia and this is consistent with data from northern Tanzania showing high (33%) prevalence of almost entirely sub-microscopic infections during a time of declining transmission [7] . In a study conducted in Cambodia, microscopy detected a total of 350 P. falciparum infections while PCR detected a further 331 P. falciparum infections from microscopynegative samples [32] . The importance of sub-microscopic parasitaemia in sustaining the parasite population has been indicated [33] . PCR also has a limit of detection; the number of sub-microscopic infections is likely higher than reported in this study.
The prevalence of microscopic P. falciparum infection decreases with age since younger age groups have the highest incidences as determined by microscopy, RDT and PCR. On the other hand, the proportion of submicroscopic P. falciparum infections was higher in older age groups. This is because increasing age has been clearly linked to lower parasite densities [34] and most infections in older children and adults are sub-microscopic compared with young children [7] . Children present with symptomatic malaria at a younger age in areas of high transmission than in areas with lower transmission [17] . Under conditions of very low transmission, the risk of clinical disease extends into adulthood [35] where risks of a clinical event are more directly related to the risks of infection than the effect of acquired clinical immunity. But an increase in the prevalence of sub-microscopic P. falciparum infection with age may explain the fact that infections will be controlled and remain asymptomatic in older age groups because clinical immunity develops overtime.
The observation of high prevalence of PCR-based submicroscopic P. falciparum in the study area has important implications for malaria control measures in Ethiopia since such infections are important contributors to the infectious reservoir [36] [37] [38] , because, even at low densities, these infections could be a potential source of transmission for vectors [26, 33] and a potential source of malaria attack within the population. Several studies have indicated that the contribution of sub-microscopic parasites to malaria transmission in individuals was similar to those individuals having microscopic gametocytes [38] while others indicated that sub-microscopic carriers were several times less infectious than the microscopic carriers [7] . For assessing progress in reducing malaria transmission, PCR seems the best tool for the estimation of parasite prevalence in the general population.
In this study, older age was associated with increased sub-microscopic carriages. This finding is in agreement with a study by Manjurano and his colleagues [37] where individuals older than 15 years were three times more likely to have sub-microscopic parasites than younger individuals. It is apparent that the risk of malarial infection could be reduced by bed net use. In this study, use of bed nets was not found to be protective against submicroscopic carriage. This is supported by a study where 50% of net users from high transmission areas were PCR positive compared to 75% of non net users at the lowest altitude [37] . The high incidences of sub-microscopic carriages observed in older age groups as compared to the younger age group (<15 years) in this study is supported by another study [39] conducted in Uganda. Moreover, Vafa and her colleagues [40] have reported that submicroscopic carriage differs in relation to transmission intensity and age. Nevertheless, asymptomatic carriage is probably a common occurrence in the study area. Further studies to unveil the magnitude of sub-microscopic asymptomatic carriage will be indispensable for guiding and monitoring future elimination efforts in Ethiopia.
Conclusions
Large numbers of sub-microscopic P. falciparum infections were identified in the study area. Even though malaria transmission is seasonal and unstable in the area, significant numbers of Plasmodium-infected individuals were asymptomatic and carry sub-microscopic parasite densities below the threshold of microscopy and RDT. It is important to maximize detection of cases (symptomatic and submicroscopic asymptomatic) presumably infectious to mosquitoes using enhanced diagnostic techniques. A molecular test (PCR) is more sensitive in detecting low levels of submicroscopic P. falciparum infections and prevalence determination of malaria in a given population. Thus, PCR may be the best tool for measuring Plasmodium prevalence than microscopy and RDT. The presence of sub-microscopic P. falciparum infections makes control and reduction of malaria transmission easier said than done since they may not be detected by the conventional diagnostic methods, i.e. microscopy or RDTs. Sub-patent malaria infections, detectable only by molecular techniques (PCR), can be relatively common in areas of low malaria endemicity in Ethiopia and these may substantially contribute to maintaining malaria transmission in the country. The role of sub-microscopic parasite carriages in human-mosquito transmission need to be determined especially when malaria control and elimination is prioritized.
